Introduction
============

Bone tissue and other organ dysfunction can be provoked by poor eating habits, stress, age-related diseases such as osteoarthritis or osteoporosis, as well as accidents.[@b1-ijn-9-007] To date, common procedures to restore or enhance life expectancy involve medical device insertion or organ transplantation.[@b1-ijn-9-007] However, due to the low number of donors and its high cost, organ transplantation is limited. Many people will die before they are actually able to get an organ for transplantation.[@b2-ijn-9-007] Moreover, the traditional materials that are used as medical devices are micron structured and do not emulate many (if any) properties of natural tissues. As such, they have limited lifetimes, sometimes failing before the end of the patient's lifetime.[@b1-ijn-9-007]

Nanotissue engineering arises as an alternative to organ transplantation and the use of conventional medical devices, aiming to develop biological substitutes that can restore, maintain, or improve damaged tissues and organs.[@b2-ijn-9-007],[@b3-ijn-9-007] As a general strategy, in tissue engineering, rather than introducing cells into the diseased area, the cells are seeded within a three-dimensional biomaterial, which is also called a scaffold, to promote reorganization of seeded cells in order to form a functional tissue.[@b2-ijn-9-007],[@b3-ijn-9-007]

Until very recently, these scaffolds have been designed to provide structural integrity on the macro- or microscopic scale, but it has been observed that structural integrity itself is not enough to properly regenerate tissues.[@b2-ijn-9-007] Recently, research groups have started to focus on the surface roughness of the scaffolds, as well to emulate natural tissues.[@b4-ijn-9-007] Now, efforts have turned to designing both biocompatible and biodegradable nanostructured tissue engineering scaffolds with proper mechanical and surface properties to engineer tissues.[@b4-ijn-9-007]

The motivation for the use of nanotechnology in tissue engineering comes from biology itself. Within tissues, cells support and are directed by an extracellular matrix (ECM). The ECM plays a vital role in storing, releasing, and activating a wide range of biological factors. In order to promote the successful regeneration of tissues, engineering biomaterials in a way that can emulate the ECM is crucial.[@b5-ijn-9-007] Designing a biomimetic material at the nanoscale (defined as using or creating materials with one dimension less 100 nm) that can be compatible with cells to effectively and efficiently recreate the ECM, has been relatively easy with the recent advances in nanotechnology.[@b5-ijn-9-007]

These nanotechnologies have been applied to create nanofeatured scaffolds, nanotopographical surfaces, and controlled drug release systems, as well as to manage cellular behavior that ranges from improving cell adhesion to gene expression.[@b6-ijn-9-007] Living cells are very sensitive to nanoscale patterns and topographical differences within the ECM.[@b7-ijn-9-007] In order to control cell functions, engineered substrates with nanofeatures have become widely adopted by many research groups.[@b7-ijn-9-007] Numerous techniques have been utilized in order to create a variety of nanotopographical features ([Figure 1](#f1-ijn-9-007){ref-type="fig"}). Specifically, techniques like lithography, anodization, and electrospinning can be used to create nanospheres, nanotubes, or nanofibers in the vertical direction.[@b8-ijn-9-007] In order to obtain less ordered nanofeatures, chemical etching, polymer mixing, or electrospinning can also be used.[@b8-ijn-9-007]

Over the years, various types of conventional materials have been explored in nanotissue engineering (such as polymers, ceramics, metals, and inorganic materials).[@b8-ijn-9-007] Even though some metals may seem like they are good candidates to act as scaffolds because of their optimal mechanical properties, for the most part, metals (except magnesium) lack noncorrosion-related degradability for their widespread use in tissue engineering; thus, such nonbiodegradable metals persist in the body, causing a constant potential stimuli that may lead to harmful inflammation. Also, some inorganic/ceramic materials, such as hydroxyapatite (HAP) and calcium phosphates, are also being studied because of their good osteoconductivity properties.[@b9-ijn-9-007]

In vivo, the chosen material needs to provide mechanical support sufficient enough to withstand the exerted forces by the surrounding tissue and promote tissue development.[@b10-ijn-9-007]

Nanomaterials for bone tissue applications
==========================================

According to the American Academy of Orthopedic Surgeons, within 9-year time span (2000--2009), the number of total hip replacements increased by nearly 73%,[@b11-ijn-9-007] but the lifetime of a traditional implant material remains around 10--15 years.[@b12-ijn-9-007] There is clearly an urgent need to develop novel materials that will last the lifetime of a patient.

Bone is a nanocomposite material that consists of a protein-based soft hydrogel template and hard inorganic components.[@b12-ijn-9-007]--[@b14-ijn-9-007] In addition to the dimensional similarity between bone/cartilage tissue and a nanofeatured material, these materials also have unique surface properties such as surface roughness, chemistry, and wettability due to their increased surface area when compared to conventional or micron-sized materials.[@b13-ijn-9-007] When designing a novel material for an orthopedic implant, another important parameter that needs to be considered is promoting sufficient osseointegration between the designed material and tissue. Recent studies showed that the surface properties of nanotextured materials enhance the adhesion of cells by interacting with certain types of proteins like fibronectin, vitronectin, and laminin to stimulate the efficient growth of bone.[@b13-ijn-9-007] This key mechanism explains the superiority of nanomaterials over conventional materials ([Figure 2](#f2-ijn-9-007){ref-type="fig"}).

Various kinds of materials, such as nanophase ceramics, polymers, metals, and composites, can be utilized for bone/cartilage tissue engineering applications by controlling their surface properties. For instance, nanohydroxyapatite is known to promote mineralization; therefore, this material is referred to as a popular bone substitute. Having a grain size at the nanometer scale and a high surface fraction of grain boundaries provides nanoceramics with unique properties to increase osteoblast functions.[@b13-ijn-9-007] For example, a comparison between 179 nm grain sized HAP to 67 nm grain sized HAP after 4 hours of culture revealed that the 67 nm grain sized HAP significantly increased osteoblast adhesion.[@b15-ijn-9-007] In another study, performed by Nukavarapu et al,[@b16-ijn-9-007] HAP/polyphosphazane microsphere three-dimensional scaffolds that have suitable mechanical and cytocompatible properties were fabricated, which showed promise for orthopedic applications.

These results are also supported by in vivo studies. Studies on rats demonstrated that nanocrystalline HAP accelerates new bone formation on tantalum scaffolds.[@b15-ijn-9-007],[@b16-ijn-9-007] When the amount of new bone growth in the rat calvaria on uncoated tantalum was compared with conventional HAP-coated tantalum and nanocrystalline HAP-coated tantalum, nanocrystalline HAP-coated tantalum showed greater amounts of new bone growth.[@b17-ijn-9-007] Different nanoceramics such as ZnO, TiO~2~, and Al~2~O~3~ also showed similarities in the rate of new bone growth, which suggests that surface features have a stronger effect on bone growth in comparison to surface chemistry.[@b18-ijn-9-007]

In one study, a nanocomposite material made of poly(propylene fumarate) and single-walled carbon nanotubes (CNTs) were explored for potential use as a scaffold material.[@b19-ijn-9-007] Results showed inferior mechanical properties of single-walled CNTs reinforced the mechanical properties of the polymer greatly by the presence of poly(propylene fumarate) and increased osteoconductivity due to enhanced cell attachment and proliferation. Although this system may appear to be a good candidate to investigate further, there are concerns about the toxicity of CNTs (and, for that matter, all nanomaterials), which will be discussed in the "Nanomaterials and their potential risks toward human health" section.

Nanomaterials for bladder tissue applications
=============================================

There are numerous conditions of the bladder that may lead to a loss of function. In this way, nanomaterials can also be used as soft tissue implants. As just one of many examples, bladder tissue will be described here. Bladder cancer is the fourth most common type of cancer in the United States, and thus urinary bladder tissue implants are common surgeries.[@b20-ijn-9-007] Urinary bladder tissue implants often suffer from insufficient cell coverage of the implant material with the surrounding tissue.[@b21-ijn-9-007]

Nanotextured polymer scaffolds with superior biocompatibility properties have been widely investigated as materials for urinary bladder applications. Additionally, their potential to withstand forces exerted by the pelvic muscles from urine storage, or as the patient conducts daily activities, leads to difficulty in restoring healthy bladder tissue.[@b10-ijn-9-007] To achieve this appropriate choice of regeneration, degradation and mechanical properties are crucial. For example, Thapa et al and Pattison et al[@b22-ijn-9-007]--[@b24-ijn-9-007] developed nanotextured poly(lactic-co-glycolic) acid and poly(ether urethane) films by chemical etching. This study revealed for the first time how polymeric nanorough surface features enhanced bladder cell proliferation. Some preliminary in vivo results further showed that nanostructured polymer scaffolds formed little to no calcium stones, which is one of the major problems following bladder implant surgery.[@b12-ijn-9-007]

In addition using biocompatible nanofibrous electrospun polycaprolactone (PCL) with polylactic acid and PCL significantly improved levels of cell infiltration and tissue formation. They carried out their experiments in vivo and used canines in their studies. According to their experiments, PCL/polylactic acid demonstrated better clinical results after 4 months, due to normal mucosal appearance without encrustation.[@b23-ijn-9-007]

Nanomaterials and their potential risks toward human health
===========================================================

In an admittedly short period of time, nanotechnology has achieved tremendous progress in medicine. Some nanomaterials are already used industrially.[@b12-ijn-9-007] Commercially, nanoceramics are available as new bone grafts or as implant coating materials.[@b12-ijn-9-007] However, research on nanomaterials in tissue engineering and medical applications is still in its infancy. The effect of nanomaterials on human and environmental health is still not well understood. At this stage, more in vivo studies are needed. An in vivo study performed by Lam et al[@b26-ijn-9-007] proved that CNTs are more toxic when compared to carbon black nanoparticles in the lungs. This may end up being a serious environmental health hazard upon inhalation exposure. Another item that needs to be considered is the interaction of nanoparticles with biomolecules in vivo and their aggregation state, which may be toxic to humans.[@b12-ijn-9-007] The current state of research is still not enough to fully understand or explain the toxicity of nanomaterials in human and environmental health. However, it is critical that if nanomaterials are found to be toxic at the concentration that they are needed in the body, so as to improve a medical condition, research needs to be conducted to design these nanoparticles so they are not toxic.

Looking forward: picotechnology
===============================

A potentially less toxic method that is used to increase tissue growth and create the next generation of tissue engineering materials is to use picotechnology. Picotechnology is a new term used to describe the control of electron distribution around atoms, so as to provide desirable properties ([Figure 3](#f3-ijn-9-007){ref-type="fig"}). Having control over electron distribution may greatly change surface energy and, thus, the way that proteins adsorb onto a material. Therefore, through the excitement or rearrangement of electrons around atoms, one has the ability to influence many cellular functions including cell movement, intracellular transport to organelles, adhesion, growth, and ECM formation.

Despite the promise of picotechnology, relatively little research has been conducted in this field. The control of cellular microtubules (MTs) through picotechnology is extremely interesting to consider. MTs are cylindrical cellular formations 25 nm in diameter, and they are made out of tubulins. Dynamic instability due to MT plus end-binding proteins, also called "plus end-tracking proteins", are able to "surf" the dynamic ends of MTs. According to recent reports, when tips are expressed as green fluorescent proteins, the fluorescence is the brightest at the MT and decreases in intensity toward the minus end of the MT, forming a comet tail.[@b25-ijn-9-007]--[@b27-ijn-9-007] It is envisioned that one could use external stimulation to excite the MT and end-binding proteins to promote the movement of cells using picotechnology. This may be a less toxic manner through which to alter surface energy to increase tissue growth since electron distributions can be changed for numerous macro-, micro-, or nanomaterials.

Conclusion
==========

The use of nanotechnology in tissue engineering has experienced exponential growth in the last decade. Nanostructured materials have proven to be useful in numerous in vitro and in vivo experiments. The synthesis and incorporation of new structures into biological molecules have led us to provide a biomimetic environment in which to develop tissue. Of course, there are still challenges that need to be addressed, which are mostly related to human and environmental toxicity. The use of inorganic nanomaterials (like CNTs) should be thoroughly investigated before they are clinically applied. But, importantly, if high toxicity is measured, one should not give up on those nanomaterials, but rather functionalize such nanoparticles to be less toxic. Future strategies may also include the use of picotechnology instead of nanotechnology to reduce the toxicity since electrons can be excited in any macro-, micro-, or nanomaterials. The change in electron distribution, along with the associated charge redistribution, can alter surface energetics to change the adsorption of certain proteins (as well as cellular functions).
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